Ti clusters have been prepared by a plasma-gas-condensation cluster deposition system (PGCCD) with controlling an Ar gas flow rate, R Ar and a He gas flow rate, R He , and observed by transmission electron microscopy (TEM) at their as-prepared and annealed states. In Ti clusters whose sizes are about 18 nm, an hcp phase is predominant in the as-prepared state, while TiO X crystallites are formed on the hcp phase cores after annealed at 623 K, revealing a core-shell morphology. In small Ti clusters whose sizes are about 10 nm, an fcc phase coexists with the TiO X phase in the as-prepared state, while the TiO X phase is predominant after annealed at 623 K, revealing no core-shell morphology. The electrical resistivity, , of these cluster assemblies increases with decreasing temperature. After annealed at 623 K, the absolute value of hcp Ti cluster assemblies increases remarkably while that of fcc cluster assemblies does not change so much. These results demonstrate the difference in the oxidation behaviors and morphologies between large and small Ti clusters.
Introduction
Nanometer size clusters correspond to elemental units of materials functions, 1, 2) and optimizations of their sizes, structures, concentrations and stabilities are requisite to highlight their unique properties. Recently we have developed a PGCCD system, [3] [4] [5] which is a combination of sputter evaporation and inert gas condensation (see Fig. 1 ), and can produce Cr, Co and Fe clusters whose mean diameters, d m , are between 5 and 18 nm with the standard deviation less than 10% of d m . [4] [5] [6] Since the number of atoms sputtered out of the targets is increased and the collision probability between evaporated atoms is increased by the reduction of their mean free paths, the mean cluster diameters, d m , and deposition rates increase with increasing the Ar gas flow rate, R Ar . 4, 5) The sputtering yield of He atoms is about one order lower than that of Ar atoms, 7) however, the thermal conductivity of He gas is about one order higher than that of Ar gas. 8, 9) Then, He gas reduces the kinetic energy of evaporated atoms more effectively, leading to the higher supersaturated state of evaporated atoms. When the number of clusters increases and they absorb evaporated atoms, the concentration of evaporated atoms decreases in the growth chamber and the cluster growth is suppressed. The viscosity of He is also lower than that of Ar 8) and the He gas stream which transports clusters is more effectively extracted from the growth region through the small nozzle. Therefore, d m decreases while the cluster deposition rate increases with increasing the He gas flow rate, R He . In Ti clusters prepared with adjusting R Ar and changing R He , a hexagonal close-packed (hcp) phase was obtained for d m > 15 nm, while a face-centered cubic (fcc) phase for d m < 15 nm. The fcc Ti phase formation is attributed to the lattice expansion of these Ti clusters. 10) In Co and Fe clusters prepared with slight introduction of O 2 gas into the deposition chamber of the PGCCD system and control of the O 2 flow rate, R 0 O 2 , their surfaces are uniformly oxidized, 6, [11] [12] [13] [14] [15] [16] where uniform size fcc Co and bcc Fe cores are covered by CoO and Fe 3 O 4 (or -Fe 2 O 3 ) layers with almost uniform thicknesses. The metallic cores thus obtained are rather stable against oxidation in ambient atmosphere and their direct metallic contacts are prohibited. At low temperatures, the electrical resistivity and magnetoresistance are predominated by electron tunneling between the metal cores, 11, 12, 15, 16) and the magnetic coercivity is much enhanced by the strong magnetic exchange coupling between ferromagnetic cores and antiferromagnetic Co and ferrimagnetic Fe oxide shells in these core-shell type cluster assemblies. 6, 13, 14) With further oxidizing such Fe and Co clusters, voids are formed insides of these clusters. [17] [18] [19] Such void formation is ascribed to coupled reaction-diffusion phenomena. When the outward diffusion of Fe atoms is faster than the inward diffusion of O atoms through the oxide shell layers, vacancies are formed at the metal core/oxide shell interfaces and the net rate of vacancy injection increases due to the high surface to volume ratio of the particle and the absence of defects in the core. If vacancies are confined into a cluster core, the supersaturated vacancies coalesce into a single void at the core center or at off-center positions depending on the diffusion rates of vacancies. 19) In Ti clusters prepared with slight introduction of O 2 gas into the deposition chamber (R 0 O 2 6 ¼ 0 mol/s), fcc and NaCltype phase regions are heterogeneously mixed in these Ti clusters without forming core-shell morphology. 20) Moreover, Ti clusters prepared with introduction of O 2 gas into the sputtering chamber (R O 2 6 ¼ 0 mol/s) of the PGCCD system are more severely oxidized than those prepared with R 
In order to understand oxidization behaviors of hcp and fcc Ti clusters and forming ability of core-shell Ti/TiO clusters we observed transmission electron microscopy (TEM) images and selected area diffraction patterns of Ti clusters before and after annealed at 623 K in the TEM column whose vacuum condition was about 10 À4 Pa. We also measured electrical resistivity between 5 and 300 K for as-prepared and annealed Ti cluster assemblies.
Experimental Procedures
In the PGCCD system (see Fig. 1 ), Ti metal vapors were generated from Ti targets by dc sputtering. A mixture of Ar and He gases were continuously injected into the sputtering chamber through a nozzle, where R Ar was fixed at 1:9 Â 10 À4 mol/s. R He was varied from 0 to 7:1 Â 10 À4 mol/s for changing Ti cluster sizes, where the total pressure of the sputtering chamber was kept at 1:5 Â 10 3 -6:1 Â 10 3 Pa. Vaporized atoms in the sputtering chamber were decelerated by collisions with a large amount of Ar and He gases, and were swept into the cluster growth room which was cooled by liquid nitrogen. Ti clusters formed in the growth room were ejected from the nozzle by differential pumping and a part of the cluster beam was intercepted by skimmers, and then deposited on a substrate set on a sample holder in the deposition chamber. Since the thickness monitor was installed behind the substrate in the deposition chamber, we employed the observed value of the thickness monitor as a quantity measure of deposited clusters on a given area (about 50 mm
2 ) of a substrate. It took about 60 s to prepare Ti cluster assemblies whose effective thicknesses were 10-40 nm, depending on R Ar and R He . A substrate was a micro-grid covered by a carbon-coated colodion film and supported by a Cu grid for the TEM observation and a quartz glass plate for the electrical resistivity measurement. Sample thicknesses were about 3 nm for TEM observations, about 30 nm for selected area electron diffraction (ED) measurements and about 120 nm for electrical resistivity experiments.
The samples thus obtained were exposed in air for transportation and observed with the Hitachi HF-2000 transmission electron microscope operated at 200 kV. The cluster sizes were estimated from TEM images observed for Ti clusters at the initial deposition stage on TEM micro-grids. Lattice constants were estimated from diffraction rings within the error limits of 0.002-0.005 nm, depending on the ring widths. Electrical resistivity, , was measured in the temperature range between 5 and 300 K by a conventional dc four-probe method. These samples were also annealed in a vacuum chamber of 10 À4 Pa and characterized by TEM, ED and electrical resisitivity.
Results

Hcp Ti clusters Figures 2(a) and 2(b) show TEM images of
show ED patterns of as-prepared and annealed Ti clusters heavily deposited on a substrate with the same deposition-and annealing-conditions for Fig. 2(a) and (b) . In Fig. 2(a  0 ) , the ED pattern contains a set of hcp diffraction rings: the lattice constants, a and c of the hcp phase are estimated to be a ¼ 0:295 and c ¼ 0:469 nm. In Fig. 2 hcp lattice fringes are widely extended in individual clusters, and the cluster perimeters are bumpy, partly due to a contamination effect by electron beam radiations. In Fig. 3 (b) and 3(b 0 ), on the other hand, NaCl type lattice fringes are detectable only in the inner parts of clusters together with bumpy perimeters. Moreover, a narrow range of NaCl-type lattice fringes are detectable at the interfaces of adjacent clusters. These figures indicate that the NaCl-type phase regions are small crystallites and they cover hcp core regions, indicating formation of a core-shell morphology.
Figures 4(a) and 4(b) show the temperature (T) dependence of for Ti cluster assemblies deposited on quartz glass plates and annealed at 623 K for 3:6 Â 10 3 s in a low vacuum condition of 10 À4 Pa. These specimens reveal no metallic character: the temperature coefficient of resistivity, TCR, is negative between 5 and 300 K. The temperature dependence and absolute value of resistivity dramatically change in the annealed specimen. Moreover, the relative intensity of the (111) and (200) diffraction rings is greater than unity in Fig. 5 (a 0 ), while it is much smaller than unity in Fig. 5(b  0 ) . Based on the multiplicity, 21) these results indicate that small Ti clusters are fcc in the as-deposited state and of NaCl type in the annealed state. Fig. 6 (a) and (a 0 ), clear fcc lattice fringes are observed in individual clusters. In Fig. 6 (b) and 6(b 0 ), on the other hand, the lattice fringes are widely extended over individual clusters whose perimeters are bumpy, however, no core-shell clusters exist in these specimen. Figure 7 shows versus T curves for Ti cluster assemblies deposited on quartz glass plates and annealed at 623 K for 3:6 Â 10 3 s in a low vacuum condition of 10 À4 Pa. These specimens also reveal no metallic character in the observed temperature range: TCR < 0. Both the characteristic change and absolute value of do not differ between as-prepared and annealed specimens.
Fcc Ti clusters
Discussion
As described in Results section, oxidation behaviors of hcp clusters and fcc clusters are morphologically different. Large hcp Ti clusters can contain O atoms in the as-prepared states and their surfaces are much oxidized, but no clear core-shell morphology is observed probably because a random hcp solid solution of Ti-O exists for x < 0:33 in the equilibrium phase diagram. 22, 23) When large (18 nm size) Ti clusters are annealed in the present low vacuum condition, they further take up O atoms and their surfaces supersaturated by O atoms transform to the NaCl type phase, and the thicknesses of oxidized layers increase, leading to the core-shell morphology. Small Ti clusters also contain O atoms, where the NaCltype phase coexists with the fcc phase in the as-prepared states. 10, 20) Since the lattice mismatch between the fcc Ti and defective NaCl-type structures is small, O atoms occupy interstitial site of the fcc lattice and the fcc phase gradually transforms to the NaCl-type phase during annealing in the present low vacuum condition, leading to no clear core-shell morphology.
Differences in the oxidation behaviors between large hcp clusters and small fcc clusters are detected by electrical resistivity measurements. In the as-prepared state of large hcp Ti clusters (see Fig. 4(a) ), the absolute values are one order larger than those of bulk TiO X specimens. 24, 25) This feature is ascribed mainly to the loose contact of Ti clusters because cluster assemblies obtained by the present PGCCD system are usually porous stacks of soft-landed clusters and their packing densities are about 30%. 26, 27) It is also due to the surface oxidation of hcp Ti clusters in ambient atmosphere. Since there is certain range metallic networks in the asprepared state, the absolute values dramatically change by annealing in the present low vacuum condition (see Fig. 4(b) ). In the annealed state, TiO X shell layers increase on the surfaces of Ti cores and further cut off metallic networks.
In small fcc Ti clusters (see Fig. 7 ), the absolute values are not so different between the as-prepared and annealed specimens. These results suggest no long range metallic networks in fcc Ti clusters in both the as-prepared and annealed states, being consistent with no marked change in their morphology between as-prepared and annealed states.
Finally it is worth to mention no void formation in Ti clusters prepared with R 0 O 2 6 ¼ 0 mol/s, R O 2 6 ¼ 0 mol/s and annealed at the present low vacuum condition. When Pb islands (nanometer dots) are deposited on TEM substrates and annealed at 423 K in ambient atmosphere, they simply transform to PbO islands without forming voids in their cores, because the inward diffusion of O atoms compensate the Pb vacancy formation in their cores 19) Though there is no data of the diffusion constant of O atoms through a TiO matrix, the diffusion constant of O atoms in a Ti matrix is estimated to be about 10 À21 m 2 /s and the diffusion constant of Ti atoms (Ti vacancies) in Ti matrix is 10 À23 -10 À21 m 2 /s. 28) Since the inward diffusion of O atoms is comparable or faster than the outward diffusion of Ti atoms, Ti clusters are oxidized and excess vacancies are not retained in Ti cluster cores. 
Conclusion
Ti cluster assemblies have been prepared using the PGCCD system with controlling the gas flow rates, R Ar and R He . The experimental results of TEM observation and temperature dependence of electrical resistivity indicate the following characteristics. In large Ti clusters, the hcp Ti phase is obtained in the as-prepared states, which can contain a considerable amount of O atoms. Though their surfaces are oxidized in ambient atmosphere, metal-core/oxide-shell morphology is not observable as long as their O contents are below a certain threshold value. After annealed in a low vacuum condition of 10 À4 Pa, the TiO X phase layers are formed on hcp Ti cores revealing a core-shell morphology. In small Ti clusters, on the contrary, the fcc Ti phase is obtained in the as-prepared state, where the fcc Ti phase coexists with the NaCl-type TiO X phase. With annealing them in a low vacuum condition of 10 À4 Pa, O atoms diffuse into their cores and the fcc phase gradually transforms into the NaCl-type TiO X phase, revealing no core-shell morphology.
